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Effect of calcium and hydrogen ion on the fibrinolytic activity of
isolated renal glomeruli from rat. The fibrinolytic activity of gb-
meruli isolated from rat kidney has been measured with 12I-fibrin-
coated tubes. This technique allows the study of the two succes-
sive steps of the reaction: the release of the activator of plas-
minogen from the cells in the presence of isolated glomeruli, and
the enzymatic process itself in the presence of the supernatant
obtained after a 30-mm incubation period with isolated glomeruli
and centrifugation. Calcium in the range of 0.01 to 1.0 mM in-
creased the rate of fibrinolysis and shortened the lag-time pre-
ceding this effect. The fibrinolytic activity was also measured
in the presence of isolated glomeruli as a function of the plas-
minogen concentration. Calcium at 1 m clearly increased the
maximum velocity but did not change the concentration of plas-
minogen corresponding to 50% of the maximum. Supernatants
were obtained after preincubation of isolated glomeruli with
increasing doses of calcium. Addition of these supernatants
to the '251-fibrin-coated tubes produced a progressive increase
in the rate of fibrinolysis, depending on the dose of calcium.
When calcium was added to the supernatants only, after having
discarded the glomeruli, there was no change or, above 0.5
mM calcium, a slight inhibition of the enzymatic reaction itself.
The fibrinolytic activity measured in the presence of isolated
glomeruli was maximum at a pH of 8. There was a clear-cut
interaction in this condition between pH and calcium concen-
tration. This interaction was not observed when the isolated
glomeruli had been discarded. These results clearly demonstrate
the major role of calcium in the release from glomeruli of an
activator of plasminogen.
Effet du calcium et de l'ion hydrogene sur l'activité fibrmolytique
de glomérules isolés de reins de rat. L'activité fibrinolytique de
glomérules isolés de rein de rat a été mesurée en utilisant des
tubes sur lesquels de la 25J fibrine a ëté fixée. Cette technique
permet d'apprëcier les 2 ëtapes de Ia reaction: sortie de l'activateur
cellulaire du plasminogene lorsque les glomCrules isolés sont pré-
sents dans le milieu d'incubation et reaction enzymatique cue-
méme lorsque le surnageant obtenu apres 30 mm d'incubation et
elimination des glomerules isolCs par centrifugation est Ctudié.
Le calcium entre 0.01 et 1.0mM augmente Ia quantité de fibrine
lysée et raccourcit Ic temps de latence nCcessaire a cet effet.
L'activité fibrinolytique a aussi été mesurée en presence de
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glomerules isolés en fonction de Ia concentration de plasmino-
gene. Le calcium a Ia concentration de 1 mrvi augmente claire-
ment Ia vitesse maximale mais ne change pas Ia concentration de
plasminogene correspondant a 50% de I'effet maximum. Des sur-
nageants ont été obtenus après pré incubation de glomerules
isoles dans des milieux contenant des concentrations croissantes
de calcium. L'adjonction de ceux-ci aux tubes sur lesquels de Ia
12I fibrine a etC fixée entraine une augmentation croissante de Ia
quantité de fibrine lysee dCpendante de Ia dose de calcium.
Quand du calcium a etC ajoutC a un surnageant obtenu après
avoir éliminé les glomerules isolés ii ny a pas eu de modification
de Ia fibrinolyse ou une legere inhibition de Ia reaction enzyma-
tique pour des concentrations de calcium superieures a 0.5 mrvt.
L'activité fibrinolytique mesurée en presence de glomérules
isolés a été maximum pH 8. 11 y a eu une interaction claire
entre le pH et La concentration de calcium qui na pas Cté obser-
vée lorsque les glomerules ont etC Climines. Ces rCsultats dC-
montrent clairement le role majeur du calcium dans Ia sortie des
glomerules d'un activateur du plasminogene.
Glomerular cells display a fibrinolytic activity
due to an enzyme converting plasminogen into plas-
mm [1, 21. That this glomerular fibrinolytic activity
could be increased in pathologic conditions, such as
in vivo infusion of thrombin [3] and severe glomeru-
lonephritis [4], has been demonstrated previously.
The purpose of the present work was to define the
in vitro role of calcium and cyclic nucleotides in the
release of this enzyme, since their intracellular con-
centrations are the main factor involved in the
mechanism of hormone and enzyme secretion [51.
Methods
Materials. The following materials were used:
adenosine diphosphate (ADP), cyclic AMP, cyclic
GMP, dibutyryl cyclic AMP, dibutyryl cyclic GMP,
epinephrine, norepinephrine, and serotonin (Sigma,
St. Louis, Missouri); human fibrinogen free of plas-
minogen (Centre National de Transfusion Sanguine,
Paris, France); human plasminogen, 15 casein U/mg
of protein (AB Kabi, Stockholm, Sweden); throm-
bin, 51 NIH U/mg (Hoffman-Laroche, Basel, Switz-
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erland); 125J human fibrinogen, 0.1 to 0.3 mCi/mg
(Centre d'Etudes Nucléaires, Saclay, France); an-
giotensin II (Ciba, Basel, Switzerland); and iono-
phore A 23187 (E. Lilly and Co., Indianapolis, In-
diana). All chemicals and solvents were of analyti-
cal grade (Merck, Darmstadt, GFR, or Sigma, St.
Louis, Missouri).
Preparation of isolated glomeruli. Male Sprague-
Dawley rats weighing 160 to 200 g were used. After
anesthetizing the rats with pentobarbital (5 mg/100 g
of body wt, i.p.), we quickly removed both kidneys
without previous infusion and immediately cooled
them to 0° C by immersion in 0.2 M Tris-hydro-
chloric acid buffer (pH, 7.5) containing 0. 135 M so-
dium chloride, 0.01 M potassium chloride, 0.01 M
sodium acetate, and 0.005 M glucose (buffer A). The
osmolality of this solution approximates 300 mOsm/
kg H20. Isolated glomeruli were prepared accord-
ing to Fong and Drummond 16], with minor modifi-
cations. In short, for each experiment cortex from
four kidneys was dissected and minced to a paste-
like consistency. The mash was then gently passed
through a 150—mesh sieve and suspended in 10 ml of
buffer A. The suspension was passed through a 25-
gauge needle and then centrifuged at x 1 20g during
90 sec. The supernatant was discarded and the pel-
let resuspended in buffer A, passed again through
the needle, and centrifuged. This operation was re-
peated five times. The purity of the preparation was
controlled under light microscopy. Some batches
were examined under electron microscopy, which
confirmed the integrity of the glomerular cells. Iso-
lated glomeruli were kept at 4° C less than 1 hour
and washed immediately before use in buffer A to
remove the endogenous calcium released from the
cells.
Assay of the fibrinolytic activity. The fibrinolytic
activity was measured according to the technique of
Moroz and Gilmore 117] with minor modifications. A
solution of human fibrinogen (1 mg/mi) and of 125T
human fibrinogen (adjusted to obtain 750,000 cpm/
tube) in 0.15 M phosphate buffer (pH, 8.2) was intro-
duced into polystyrene tubes (0.2 mI/tube). Incuba-
tion was carried out for 3 hours at 37° C without
agitation to obtain fibrinogen-coated tubes. They
were washed three times with 0.4 ml of 0.05 M Tris-
hydrochloric-acid buffer (pH, 8.2) containing 0.1 si
sodium chloride (buffer B). Thrombin solution
(0.27 ml, 10 NIH U/mI) in 0.116 M sodium chloride
was introduced into each tube and incubated for 8
mm at 37° C. The tubes were washed three times
with buffer B, and the 1251 radioactivity bound was
counted in a gamma counter (Searle Chimie Instru-
ments) with 55% efficiency. The tubes counting
18,000 450 cpm were selected for the assay and
kept at +4° C and used within 8 days of the prep-
aration.
Fibrinolytic activity includes two components:
First, the release of the plasminogen activator from
the glomerular cells into the incubation milieu, and
second, the enzymatic reaction itself. When isolat-
ed glomeruli are present, the results of these two
events cannot be separated. On the contrary, the
enzymatic reaction alone can be studied in the ab-
sence of isolated glomeruli. In that case, the en-
zyme is introduced with the supernatant obtained at
the end of a preincubation performed in the pres-
ence of glomeruli. For this reason, fibrinolytic ac-
tivity was measured in triplicate as follows: 60 1 of
glomerular suspension (30 to 45 ig of glomerular
protein per tube) 118] or of supernatant obtained after
30 mm's incubation at 37° C of the glomerular sus-
pension in calcium-free medium were introduced in-
to each 1251-fibrin-coated tube. A solution of plas-
minogen (20 1d, 2.5 casein U!ml) in buffer A and 20
d of water with or without the cation or the agent
tested were added. The tubes were incubated at
37° C under continuous agitation, and the enzymat-
ic reaction was stopped by transferring the fibrin
degradation products into another tube with I ml of
ice cold buffer B. The total contents of the tubes
were transferred into clean tubes, and 125f radioac-
tivity was counted. This radioactivity corresponds
to fibrin degradation products and not to fibrin it-
self, which remains finally bound to the polystyrene
matrix. Glomerular fibrinolytic activity was ex-
pressed as micrograms of fibrin lyzed either per mil-
ligram of glomerular protein or per tube, whereas
the fibrinolytic activity of the supernatant was ex-
pressed only as micrograms of fibrin lyzed per tube.
Appropriate blank values were measured. They
corresponded to the radioactivity spontaneously re-
leased in the absence of glomeruli (tubes containing
only plasminogen) and to the radioactivity released
in the presence of glomeruli by a mechanism other
than the stimulation of plasminogen (tubes without
plasminogen). Since the first of these two com-
ponents was very small (less than 5% of the total
radioactivity counted), only the second was cur-
rently subtracted. Thus, the fibrinolytic activity
measured is only due to the presence of a glomeru-
lar plasminogen activator in the incubation milieu,
and the term "glomerular fibrinolytic activity" used
throughout the text actually means glomerular plas-
minogen activator activity. Glomerular fibrinolytic
activity was usually measured over 30 mm. Since,
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Fig. 1. Amount offibrin lyzed plotted against time with (closed
circles) and without (open circles) I m calcium chloride. The
two least square regression lines are given.
as shown in the Results section, this activity could
be detected only after a lag-time, the expression uti-
lized as unit, namely, micrograms of fibrin lyzed per
milligram of glomerular protein per 30 mm, must be
understood as micrograms of fibrin lyzed per milli-
gram of glomerular protein per initial 30 mm.
Statistical analysis. Results are illustrated in
Figs. I to 8. Each figure corresponds to one experi-
ment given as an example. Each point represents
the mean of triplicates, and each vertical bar repre-
sents twice the SEM. Two factor analysis of variance
with repetition was usually performed to analyze
the results obtained in most of the experiments. The
parameters of the regression lines (slopes and ab-
scissa intercepts) corresponding to the same experi-
ment were also compared by using analysis of vari-
ance.
Results
Effects of calcium on the glomerular fibrinolytic
activity at a pH of 7.5. Figure 1 shows that the
amount of fibrin lyzed per milligram of glomerular
protein increased linearly with time, both in cal-
cium-free medium as well as in the presence of 1
mM of calcium. As shown by the two regression
lines which were compared by analysis of variance,
the addition of calcium statistically (P < 0.01)
shortened the lag-time necessary to detect the
fibrinolytic activity (abscissa intercept) and in-
creased the rate of fibrinolysis (slope). The same
experiment was performed three times. Means
SEM were 0.89 0.06 and 0.64 0.11 U . min1 for
the slopes and 15.6 1.25 and 26.9 0.09 mm for
the abscissa intercepts with and without calcium,
respectively (units are expressed as micrograms of
fibrin lyzed per milligram of glomerular protein).
Figure 2 shows that the glomerular fibrinolytic ac-
tivity increased linearly with the concentration of
glomerular protein per tube with and without addi-
tion of 1 m calcium. These results allowed us to
express the fibrinolytic activity per milligram of gb-
merular protein between 0 and 120 sg of glomerular
protein per tube. Both experimental straight lines
passed close to the point of origin, but in the pres-
ence of 1 m calcium the slope was markedly great-
er. This experiment was also performed three
times. Means SEM were 0.0078 0.0009 and
0.0025 0.0004 U . p.g1 for the slopes and —0.018
0.020 and — 0.014 0.0 15 U for the ordinate in-
tercepts with and without calcium, respectively
(unit is expressed as microgram of fibrin lyzed per
30 mm). The gbomerular fibrinolytic activity was
measured as a function of the plasminogen concen-
tration, substrate of the enzymatic reaction (Fig. 3).
The velocity of the reaction was greater in the pres-
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Fig. 2. Glomerular fibrinolytic activity plotted against the
amount of glomerular protein per tube with (closed circles) and
without (open circles) 1mM calcium chloride. The two least
square regression lines are given.
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ence of 1 m calcium for the whole range of the
concentrations studied. Both curves were trans-
formed into straight lines using Hofstee's plot. The
affinities of the enzyme for its substrate (Km) were
not statistically different (P > 0.05), whereas the
maximum velocity (Vmax) in the presence of calcium
was clearly greater (P < 0.01). In three similar ex-
periments, Km'S were 1.03 0.14 and 0.82 0.12
casein U . ml1, and Vmax'S were 28.6 0.49 and 9.8
0.80 fibrinolysis U with and without calcium, re-
spectively (means SEM).
To study the effect of calcium, we measured the
fibrinolytic activity at various calcium concentra-
tions in three different experimental conditions: (1)
calcium was added to the glomeruli, and then the
supernatant was separated; (2) calcium was added
to the glomeruli, and no centrifugation was per-
formed; (3) supernatant was separated from the
glomeruli, and calcium subsequently was added.
Results observed in the first experimental condition
are shown in Table 1. An effect versus log dose
curve was obtained. Maximum fibrinolytic activity
occurred at I m calcium and was 2.5 times basal
activity. Figure 4 includes the results observed in
the second and the third experimental conditions.
In the presence of isolated glomeruli, a sigmoidal
versus log dose curve was obtained. A plateau
(Emax) was observed at 0.5 m calcium, and the
dose corresponding to 50% of the maximum stimu-
lation (Km) was 40 M. The same experiment was
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Fig. 3. Glomerular fibrinolytic activity (V) plotted against the
concentration of plasminogen (S) with (closed circles) or without
(open circles) 1 mrvi calcium chloride. Abscissae are given on a
log111 scale. The linear transformation of the data (Hofste&s plot)
is shown in inset.
a
am
>Sc
I
LI.
0.2
0,1 —
Calciurn conc .,m
10-s iO-- i0—
Calcium conc , M
Fig. 4. Effects of calcium concentration on the fibrinolytic activity in the presence of either isolated glomeruli (left) or supernatant
obtained from a 30-mm incubation with isolated glumeruli after centrifugation (right). Abscissae are given on a log10 scale.
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Calcium
concentrations
,n M
Fibrinolytic activity
pg of fibrin lyzed/30 mm
0 0.21 0.01
0.01 0.31 0.02
0.05 0.34 0.03
0.1 0.36 0.02
0.5 0.38 0.04
1.0 0.53 0.06
2.5 0.50 0.07
Values are the means SCM (six values).
performed six times. Emax concentration of calcium
was 0.41 0.09 m, and Km was 43.0 1.1 pi
(mean sEM). In the presence of the supernatant
collected after centrifugation of isolated glomeruli
preincubated for 30 mm in calcium-free medium,
there was no modification of the fibrinolytic activity
at calcium concentrations smaller than l0— M.
Above this dose, there was a slight inhibition of
the enzymatic reaction.
Effects qf pH on the glomerularfibrinolytic activ-
it)' and interaction of pH with calcium concentra-
tion. There was a clear-cut effect of pH on the gb-
merular fibrinolytic activity when calcium concen-
tration was maintained constant at I m (Fig. 5).
Glomerular fibrinolytic activity increased progres-
sively from a pH of 7.0, to reach a plateau between
a pH of 8.2 and 9.0 (results of two experiments).
The glomerular fibrinolytic activity was also studied
as a function of time at three different pH's (Fig. 6).
Two-factor (pH and time) analysis of variance con-
firmed the significant interaction (P < 0.01) between
pH and time, since the effect of pH was clear only
after 15 mm's incubation. Similar results were ob-
served in the three experiments performed. The ve-
locity of the enzymatic reaction was measured at
increasing concentrations of substrate (plasmino-
gen) and at different pH's (Fig. 7). We transformed
the curves obtained at pH's of 7.0, 7.5, and 8.2 into
straight lines using Hofstee's plot [9]. No significant
difference occurred between Km'S, whereas the
maximum velocities clearly increased with pH. In
three experiments, Km'S were 1.12 0.25, 1.03
0.14, and 0.95 0.25 casein U . mL 1, and VmaX'S
were 17.6 0.37, 28.6 0.49, and 31.0 0.67 fi-
brinolysis U at pH's 7, 7.5, and 8.2, respectively
(mean SEM). Interaction of the pH and calcium
effects was studied also. Figure 8 shows that the
greatest fibrinolytic activities were obtained at the
highest pH for all the concentrations of calcium
Table 1. Fibrinolytic activity of the supernatant obtained after
incubation of isolated glomeruli with increasing doses of
calciumu
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Fig. 5. Glomerularfibrinolytic activity plotted against pH in the
presence of! m calcium.
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Fig. 6. Glomerular fibrinolytic activity plotted against time at
three different pH's.
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tested, and there was a direct correlation between
the pH value and the fibrinolytic activity. In the
presence of isolated glomeruli, the increase in gb-
merular fibrinolytic activity as a function of calcium
concentration was observed at the three pH's test-
ed. Three sigmoidal curves were obtained, and
there was a direct correlation between pH and the
plateau of the curve. Calcium and pH effects, how-
ever, were not additive, as shown by the lack of
parallelism of these curves. This was confirmed by
two-factor (pH and calcium concentration) analysis
of variance, which showed that a significant inter-
action (P < 0.01) occurred between pH and calcium
concentration (three experiments). In the presence
of the supernatant obtained after incubation with
glomeruli, the fibrinolytic activity diminished at in-
creasing concentrations of calcium, whatever the
pH studied. The three curves obtained at three dif-
ferent pH's were parallel, suggesting an additive ef-
fect of pH and calcium concentration. This additive
effect was confirmed by two-factor (pH and calcium
concentration) analysis of variance, which showed
there was no significant interaction (P > 0.05) be-
tween pH and calcium concentration (three experi-
ments).
Effects of the other substances studied on the gb-
merular fibrinoly tic activity. Magnesium and man-
ganese added at the same concentrations as that
used with calcium had no effect on both steps of the
reaction, whereas lanthanum inhibited these two
20
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Fig. 7. Glomerularfibrinolytic activity (V) plotted against p/as-
minogen concentration (S) at three different pHs. Abscissae are
given on a log10 scale. The linear transformation of the data (Hof-
stee's plot) is shown in inset.
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Fig. 8.Effects ofcalcium concentration at three different pH's on thefibrinolytic activity in the presence of either isolated glomeruli (left)
or supernatant obtained from a 30-mm incubation with isolated glomeruli after centrifugation (right). Abscissae are given on a log10
scale.
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phases above 10 M. lonophore A 23187 at 106 M
had no effect. The cyclic nucleotides tested at con-
centrations between I 0 and I M were inactive.
Three vasoactive hormones, angiotensin 11, epi-
nephrine, and norepinephrine were also studied at
10_ti to 10 M for the first one and at 10—8 to 10 M
for the latter two. No change in glomerular fibrino-
lytic activity was observed. Similarly, the platelet-
released substances, ADP and serotonin, were stud-
ied at 10_s to l0 M and were found to be inactive.
Isolated glomeruli were preincubated in buffer A,
containing 10 M calcium and 0.2% triton X-100
during 30 mm, and the supernatant was introduced
into the fibrin-coated tubes. In this condition, the
glomerular fibrinolytic activity reached four times
the maximum activity observed in the presence of
calcium and isolated glomeruli.
Discussion
Compared with the fibrin plate technique used
until now [2, 10, 11], the radioenzymatic assay used
in the present study has the main advantage of al-
lowing a more precise estimation of the two steps of
the reaction: first, the release of the enzyme from
the glomerular cells into the extracellular fluid, and
second, the enzymatic reaction itself, including two
phases—the conversion of plasminogen into plasmin
and the formation of fibrin degradation products.
When isolated glomeruli are present, the effects ob-
served are the consequence of a possible modifica-
tion, either in the release only or in the release and
the subsequent enzymatic reaction. On the con-
trary, when the supernatant from a previous in-
cubation with glomeruli is introduced in the in-
cubation tubes, the reaction proceeds in the pres-
ence of the glomerular plasminogen activator alone,
since the glomerular cells have been discarded. In
this case, only the enzymatic reaction is studied.
Our results demonstrate that calcium at concen-
trations lower than or equal to the physiologic val-
ues in the extracellular fluids plays a major role in
the control of the release of the glomerular plas-
minogen activator. The extracellular calcium did
not modify at the lowest concentrations or slightly
inhibited at the highest concentrations the forma-
tion of fibrin degradation products when isolated
glomeruli were not introduced in the incubation
milieu. On the contrary, when the incubation mix-
ture was centrifuged after preincubation with cal-
cium and the supernatant added to the fibrin-
coated tubes, there was a clear increase in fibrinoly-
sis with increasing concentrations of calcium. Thus,
the marked stimulation in glomerular fibrinolytic ac-
tivity observed after addition of calcium in the pres-
ence of isolated glomeruli can only be attributed to
an increase in the release of the glomerular plas-
minogen activator. This demonstrates that calcium
mainly acts on the first step. That extracellular cal-
cium concentration both shortened the lag-time and
increased the rate of fibrinolysis can be interpreted
as being due to a better availability of the intra-
cellular enzyme stores, or to an increased per-
meability of the cell membrane to the enzyme. No
effect of ionophore A 23187 was observed, which
would be more in favor of the second hypothesis. A
role of calcium on the synthesis of the glomerular
plasminogen activator seems unlikely for two rea-
sons: first, the increase in fibrinolysis is very rapid,
and second, the intracellular stores of this enzyme
are in large excess. This has been found in the renal
cortex of the rabbit [121 and could be confirmed in
the rat glomeruli in the present study. Preincubation
of glomeruli with triton X-l00, which solubilizes the
membrane components, produced a marked in-
crease in the glomerular fibrinolytic activity. Chou,
Roblin, and Black [13] have recently shown that
calcium stimulates the production of the plasmino-
gen activator by cultured mouse cells. They attrib-
uted this result to the mitogenic effect of calcium.
This hypothesis can be excluded in our experimen-
tal conditions.
In contrast with calcium concentration, the pH
clearly modified the enzymatic reaction itself, since
the amount of fibrin lyzed was clearly greater at al-
kaline pH. Similar results have been observed with
a lysosome-rich fraction of the rabbit kidney cortex
by Ali and Lack [12]. The effect of pH is independ-
ent of that of calcium, since analysis of variance
showed no significant interaction between these
two factors in the absence of isolated glomeruli.
The combined effects of pH and calcium on the re-
lease of the glomerular plasminogen activator are
more difficult to evaluate. Since analysis of variance
showed a significant interaction between these two
factors in the presence of isolated glomeruli, it is
likely that pH modifies the effect of calcium on the
first step of the reaction, this effect being clearer at
the highest pH.
As shown in a previous study [2], glomerular fi-
brinolytic activity is enhanced in the rat after in-
fusion of thrombin, which produces an intravascu-
lar coagulation. The same results have been also
found in mice [16, 17]. The glomerular factor which
is responsible has never been isolated in the rat. In
man, a fibrinolytic factor has been partly purified
from cultured renal cells and has been found to be
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immunologically different from human urokinase
[18]. Fibrinolysis is the consequence of intra-
vascular coagulation. Thus, the signal producing
the release of the activator must be related to one of
the effects of intravascular coagulation. No action
of the platelet-release products tested (ADP and
serotonin), however, was observed in vitro. Simi-
larly, vasoactive hormones known to interact in vit-
ro with isolated glomeruli, angiotensin II [14], and
epinephrine [151 did not modify the amount of fibrin
lyzed. Since the effect of pH was clear in vitro, it is
possible that acidosis observed in some cases of
acute renal failures with disseminated intravascular
coagulation may be one of the factors responsible
for cortical necrosis.
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